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Abstract Since the detection of non-radial solar-like oscillation modes in red giants 
with the CoRoT satellite, the interest in the asteroseismic properties of red giants and 
the link with their global properties and internal structure is substantially increasing. 
Moreover, more and more precise data are being collected with the space-based 
telescopes CoRoT and Kepler. In this paper we present a survey of the most relevant 
theoretical and observational results obtained up to now concerning the potential of 
solar-like oscillations in red giants. 



1 Structure and oscillation spectra of red giant models 

Red giants are cool stars with an extended and diluted convective envelope sur- 
rounding a dense core, which makes their structure and therefore their pulsation 
properties very different from those of the Sun. As in solar-like stars, however, their 
convective envelope can stochastically excite oscillation modes. The properties of 
oscillation modes depend on the behavior of the Brunt-Vaisala (N) and Lamb (S() 
frequencies. In a first approximation we can describe the radial displacement due to 
the perturbation as: 
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a -^ = -K s {r)^ r (1) 

with K s (r) = ^ — 1^ — l^j , © is the oscillation frequency and c s the sound 
speed. From this expression we identify two propagation domains or cavities where 
the motion has an oscillatory character: (0 2 > N 2 ,S 2 and (0 2 < N 2 ,S 2 , while the 
regions where these conditions are not satisfied are evanescent regions with the am- 
plitude of motion exponentially increasing or decreasing. In the limit cases in which 
(0 2 N 2 ,S 2 or (D 2 <g^N 2 ,S 2 we deal with pure acoustic (p modes) and pure gravity 
modes (g modes) respectively. Because of the contraction of stellar central regions 
during the post-main sequence evolution, N reaches huge values (> 10 4 /iHz) in the 
central regions of red giant models. As a consequence, the frequency of g modes 
((0 g ~ / N/rdr, see Tassoul, 1980) increases with respect to main-sequence models. 
On the other hand, the drop of mean density resulting from the expansion of the hy- 
drogen rich envelope makes the frequency of pressure modes (co p ~ [Jq dr/cj ) 
decrease. All that leads to an oscillation spectrum for red giants where in addi- 
tion to radial modes, one finds a large number of non-radial modes with mixed g-p 
properties, that is, for a given frequency co the mode can propagate in the enve- 
lope (co 2 > S 2 ,N 2 , see Fig. 2) as a pressure mode and also in the central region 
(CO 2 < S 2 ,N 2 ) as a g mode. In Fig. 1 we plot the horizontal and radial components 
of the displacement corresponding to one of these g-p mixed modes propagating in 
a 1 .4 M model with a radius of 5 Rq . 

The dominant p or g character of these non-radial modes depends on the coupling 
between gravity and acoustic cavities and may be estimated from the value of the 
normalized mode inertia (E, see e.g. Christensen-Dalsgaard, 2004, and references 
therein): 

where p is the local density, the integration is done over the volume V of the star 
with total mass M, and ph refers to the value of displacement at the photosphere. 
Modes trapped in high-density regions, such as g modes, have high values of E, 
while pure p modes such as the radial ones have the lowest E. Depending on the 
coupling between the two cavities, some non-radial modes may be well trapped in 
the acoustic cavity and behave as p modes presenting a mode inertia close to that of 
the radial modes, while modes with strong mixed g-p character have larger E. The 
modes well trapped in the central region have the maximum E and behave as pure g 
modes. 

Figure 2 shows the propagation diagrams for dipole and quadrupole modes cor- 
responding to a 1.5 Mq red giant on the red giant branch (upper panel) and in 
the central He burning phase (lower panel). The horizontal lines indicate the fre- 
quency domain where we expect solar-like oscillations (see Kjeldsen & Bedding, 
1995). From these diagrams we observe that: i) the evanescent region is smaller for 
dipole modes than for quadrupole ones; ii) the importance of the evanescent region 
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(/ K s dr), or the potential barrier that separates the two cavities, depends on the evo- 
lutionary state. As a consequence, the interaction between the two cavities is more 
important for I = 1 modes, and their mixed character changes with the evolution- 
ary state. The number of g modes by frequency interval can be estimated from the 
asymptotic theory (Tassoul, 1980) as: 



So, the density of oscillation modes is larger for quadrupole modes and its value 
also changes with the evolutionary state. 

The amplitude of modes at different frequencies in the oscillation spectrum re- 
sults from the balance between excitation and damping rates (Dziembowski et al., 
2001 ; Dupret et al., 2009, and Dupret in these proceedings), nevertheless, an estima- 
tion of the relative amplitude of different modes can be provided by the normalized 
mode inertia (Houdek et al., 1999). In this framework, the amplitude is inversely 
proportional to E l l 2 (see e.g. Christensen-Dalsgaard, 2004, and references therein). 

Figure 3 (panels A to D) presents the inertia of the oscillation modes as a func- 
tion of frequency for radial, dipole and quadrupole modes for models of red giant 
stars in different evolutionary states. The corresponding models are indicated in the 
HR diagram (Fig. 3 left-top panel). Radial modes have the lowest inertia, and be- 
tween two consecutive radial modes there is large number of non-radial modes with 
an inertia that can vary by several orders of magnitude. Between two radial modes 
there is always an I = 2 mode with an inertia close to that of the adjacent radial 
mode. The inertia of dipole modes (E( = i) presents as well a minimum between two 
consecutive radial modes but, depending on the evolutionary state, that minimum is 
not always well defined, and the difference between the value of Ei=\ and that cor- 
responding to the radial mode varies. The central density of the He burning (He-B 
hereafter) model is 10 times smaller than that of a RGB model with the same radius 
and mass. Consequently, in the RGB phase, the high potential barrier between the 
acoustic and the gravity cavities reduces the interaction between p and g modes, 
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Fig. 1 Horizontal (grey) and ra- 
dial (black) components of dis- 
placement corresponding to a 
mixed mode as a function of the 
relative mass for a 1 .4 M B . model 
with 5 R. . g modes are predom- 
inantly horizontal while acous- 
tic ones are radial. This mixed 
mode behaves as a g mode in the 
central region (m/M < 0. 15) and 
as a p mode in the envelope. 
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and dipole modes with Ei = \ ~ E( = q behave as pure p modes and show a regular 
frequency spacing. For He-B models, the coupling between these cavities is more 
important and I = 1 modes are mixed modes with Eg = \ > Eg-Q. Nevertheless, Eg-\ 
still presents a minimum and even if Et=\ > £V=o, the modes can be still consid- 
ered, based on the value of E, as observable modes. If £ is a good proxy of the 
amplitudes, the results presented in Fig. 3 suggest that, contrarily to pure p-mode 
oscillation spectra of main sequence solar-like pulsators, the number of non-radial 
modes potentially observable in the frequency interval between two consecutive ra- 
dial modes depends on I, on the evolutionary state, and on the precision of the time 
series, both in sensitivity and in frequency resolution. 



2 Diagnostic power of red giant oscillation spectra 

In the framework of the asymptotic theory for p modes (Vandakurov, 1967; Tassoul, 
1980; Gough, 1986) the frequencies of two modes of same degree and consecutive 
order are separated by a constant value (Av) which is approximately independent 
of £ for low degree modes. The asymptotic theory is no longer valid for mixed 
modes or in regions with rapid varying physical quantities, nevertheless, the modes 
partially or well trapped in the acoustic cavity (hence with a dominant p character) 
show such a regular pattern. These modes have been used to compute the large and 
small frequency separations and to analyse their behavior with stellar parameters 
and evolutionary state, both in recent theoretical (Montalban et al., 2010a,b) and 

Fig. 2 Propagation diagrams 
for a 1.5 M star in two 
different evolutionary phases. 
Upper panel: central He burn- 
ing phase, with central He 
mass fraction Yc=0.21, and 
lower panel, RGB phase, 
both with the same stellar ra- 
dius (R=12.35 R @ ). Horizon- 
tal lines indicate the solar- 
like frequency domain, and 
shadowed regions highlight 
the potential barrier that sep- 
arates the acoustic and grav- 
ity cavities for modes in that 
domain. Brunt-Vaisala and 
Lamb frequencies for dipole 
and quadrupole modes as a 
function of the relative radius 
correspond to solid, dashed 
and long-dashed lines respec- 
tively. 
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Fig. 3 Red giant evolutionary track for 
M=1.5 M , metal mass fraction Z=0.02 
and initial helium mass fraction Y=0.278. 
Labels from A to D indicate the mod- 
els whose spectra are shown in the corre- 
sponding panels. A to D panels: Inertia as 
a function of frequency for radial (black), 
dipole (light gray) and quadrupole (dark 
grey) modes. v max is the frequency at the 
maximum amplitude as expected from scal- 
ing laws (Kjeldsen & Bedding, 1995). 
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observational works based on CoRoT and Kepler satellite data (Bedding et al., 2010; 
Huber et al., 2010; Mosser et al., 2010; Carrier et al., 2010). 

In the domain of validity of the asymptotic approximation for pressure modes, 
the spectrum of p modes can be described by (e.g. Tassoul, 1980): 

I £(£+!) 
v„e = (n + - + e)Av- ^ J 8v e (4) 

where Av = V„t — V n -\t is the inverse of twice the sound travel time between the 
surface and the center, and is thus proportional to the square root of the mean den- 
sity of the star. 8v„e — V n g — V„_i/ + 2 on the other hand, reflects the behaviour of 
the sound speed mostly in the central regions, and hence is linked to the central 
density and to the stellar evolutionary state. The dependence of 8v and Av on 
stellar mass and evolution is usually adopted as a good seismic diagnostic allow- 
ing to derive, if the chemical composition is known, the stellar mass and age for 
main sequence solar-like pulsators (see e.g. Christensen-Dalsgaard, 1988). For red 
giants, however, 8voi does not seem to provide much more information than A v. 
Predictions from RGB models suggest a linear dependence on Av, with a slope 
that slightly increases as the mass decreases. Chemical composition and convection 
treatment do not strongly affect this linear dependence that is mainly dominated by 
the mass and radius of the star (Montalban et al., 2010a,b). The observational re- 
sults obtained from the first 34 days of Kepler operations that covered stars with 
A v > 8 jUHz were well fitted by the linear relation 8q 2 — 0.1254 V (Bedding et al., 
2010). The comparison with theoretical models suggests that the observed sample 
is dominated by RGB stars with masses around 1.3 M Q . The extension of these ob- 
servations to 134d allowed us to consider stars with Av as low as 2/iHz and to 
show that the slope of the relation and the scatter increase for Av < 6/xHz (Huber 
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Fig. 4 Normalized small sepa- 
ration vs large separation of ra- 
dial modes for models in the 
RGB phase (cross) with masses 
1.0 and 1.5 M,. chemical compo- 
sition Z=0.006, 0.01, 0.02,0.03, 
Y=0.25 and 0.278, and three dif- 
ferent treatments of convection. 
Dots correspond to models burn- 
ing He in the center, with masses 
between 0.7 and 2.3 M (4M = 
0. 1) and between 2.5 and 4.0 M s 
(AM = 0.5) and chemical com- 
position Z=0.02, Y=0.278. 
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et al., 2010). In fact, at Av ~ 4^iHz the red giant population is dominated by red 
clump stars (Miglio et al., 2009) that, as shown in Fig. 4, follow a different trend. 
The comparison between this figure and Fig. 10 in Huber et al. (2010) indicates that 
predictions from theory are in good agreement with the observed behavior of 8vo2 
in RGB and red clump stars. 

For main sequence stars, the frequency separation 5 Voi = (v„.o — 2 v„i + v„+i i o)/2 
has also been suggested as a good indicator of the evolutionary state (e.g. Roxburgh 
& Vorontsov, 2003), and in the framework of asymptotic approximation of p modes, 
5voi = 1/3<S Vo2- This relation is neither matched by theoretical models of red gi- 
ants nor by the observational data obtained with Kepler and CoRoT. Nevertheless, 
the value of <5voi may contain relevant information. In fact the sample of red gi- 
ants studied in Bedding et al. (2010), that corresponds to low luminosity RGB stars 
(L < 30L C3 ) and the CoRoT sismo target HR7349 (Carrier et al., 2010) show values 
of 5voi close to zero or negative. Theoretical studies (Montalban et al., 2010a,b) 
on the other hand, predict that models in the RGB present values of 5voi close to 
zero or negative, while more massive stars in the He-B phase have positive val- 
ues. Moreover, those studies show that the value of 5voi seems correlated with the 
distance between the £=l turning point and the bottom of the convective envelope, 
thus, models with the turning point inside the convective envelope present negative 
or very small value of <5vqi . 



2.1 Deviation from asymptotic approximation: Evolutionary state 

The mean value of the large frequency separation decreases as the star ascends the 
RGB with a denser and denser core and a more and more diffuse envelope. On the 
basis of (Av) alone, however, it is not possible to distinguish among different evo- 
lutionary states, i.e. ascending RGB, descending RGB, or core-He burning. From 
the asymptotic theory A v should be constant and ^-independent, however, we are 
out of its validity domain and A v varies with frequency and with £. A measurement 
of how far we are from the asymptotic behaviour could be the scatter of A v values 
(ff(4Vf)) with respect to its average value in the domain of frequency where solar- 
like oscillations are expected. The computation of these quantities for models with 
stellar masses between 1 and 5 Mq from the bottom of the RGB until the exhaustion 
of He in the center shows that a (A V( ) depends on t. while its value is very small 
for £ = and 2, it is generally larger for £ = 1 and its value depends strongly on 
the evolutionary state: i) the scatter in the £ = 1 ridge in an echelle diagram repre- 
sentation of the oscillation spectra (e.g. Grec et al., 1983) decreases as luminosity 
(A v) increases (decreases) during the RGB phase, since the increase of density con- 
trast leads to decoupling the acoustic and gravity cavities and modes more likely 
observed behave as pure p modes, ii) For models in the He-B phase, the central 
density decreases leading to a spectrum of dipole modes dominated by p-g mixed 
modes. As a consequence, the width of the £ = 1 ridge will be more larger for those 
models than for the RGB ones at the same luminosity (Montalban et al., 2010a). 
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This result is very important because it suggests that the aspect of the I = 1 oscil- 
lation spectrum is able to reveal the evolutionary state of red giant stars otherwise 
very close un their global properties (Montalban et al., 2010a,b). 

From the observational point of view, the population of red giants studied by 
Bedding et al. (2010) is dominated by stars at the bottom of the RGB with masses 
between 1. and 1.5 M©and showed a folded echelle diagram with a larger dispersion 
in the ridge corresponding to dipole modes than in those for radial and quadrupole 
ones. On the other hand, the sample of red giants observed by CoRoT during the first 
two runs is dominated by red clump stars (Miglio et al., 2009; Mosser et al., 2010) 
and the analysis of their oscillation properties by Mosser et al. (201 lb) showed that 
all the modes are arranged in almost vertical lines corresponding to different radial 
orders, and that a large dispersion is found for dipole modes at Av ~ 4/iHz, that 
is the value of the large separation corresponding to the red-clump luminosity. The 
comparison between these observational results and the theoretical predictions for 
the same stellar population (Montalban et al., 2010b) is noteworthy. 

As can be seen in Fig. 3, around the minima of inertia, there may be several 
dipole modes with close values of the inertia and, therefore, with expected similar 
amplitudes. As the observation time of red giants has increased, the frequency res- 
olution has been noticeably improved and it has been possible not only to detect in 
the spectra of red giant stars the acoustic modes, but also to distinguish around those 
a forest of mixed modes. The frequency (or period) separation between these modes 
around to the minimum of inertia, also depends on the evolution state and the mass 
of the model. Models with a large density contrast show a frequency difference be- 
tween consecutive modes that is much smaller than for models at the bottom of the 
RGB or in the He-B phase. These properties have been measured by Bedding et al. 
(201 1) in the spectra of red giants observed by Kepler and also in those of CoRoT 
red giants (Mosser et al., 2011a). At a given Av (that of the red clump) the differ- 
ence of period (AP) between consecutive modes gathers the stars in two groups: one 
characterized by targets with AP > 100 s and one with AP < 60 s. The comparison 
with theoretical computations allows us to identify these two groups with stars that 
are burning He at the center, for the first group, and with stars that are still burn- 
ing H in a shell during the ascending RGB for the second one, and then to lift the 
de generacy between RGB and He-B models with the same Av and Vmax- 



2.2 Deviation from asymptotic approximation: Glitch associated to 
Hell ionization region 

In the asymptotic approximation it is assumed that the physical quantities describ- 
ing the equilibrium structure of the star present variations with a characteristic scale 
larger than the wavelength of the mode. Any localized region of sharp variation of 
the sound speed (so-called acoustic glitches) induce in the frequencies an oscillatory 
component with a periodicity related to the sound-travel time measured from that 
region to the surface of the star (acoustic depth) (Vorontsov, 1988; Gough, 1990). 
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The amplitude of this oscillatory component depends on the sharpness of the glitch 
and decreases with frequency because, as v increases, the wavelength of the mode 
becomes comparable with or less than the extent of the glitch. These sharp variations 
of the structure are found in regions of rapidly changing chemical composition, in 
ionization zones of major chemical elements, or in regions where the energy trans- 
port switches from radiative to convective. The analysis of periodic variations in 
the frequencies, Av, or second frequency differences, allowed the derivation of the 
depth of the solar convective envelope and its He content with a hight precision (see 
Christensen-Dalsgaard, 2002, for a review). In the case of red giants, the acoustic 
depth of the boundary of the convective envelope is very high and therefore the mod- 
ulation of the frequency is not easily seen in the solar-like frequency domain. On 
the other hand, the variation of the adiabatic index I] due to the second ionization of 
He is located at ~ 0.5 of the total acoustic radius and its signal is clearly separated 
from that of the bottom of the convective zone making the extraction of its signal 
much more easy than for solar-like main sequence pulsators. The first detection and 
characterization of the Hell signal for a red giant was obtained for the CoRoT sismo 
target HR7349 (Miglio et al., 2010), but this signal has also been detected in numer- 
ous exofield CoRoT red giants (Mosser et al., 2010) and it is expected that the red 
giants that Kepler will observe during three years will provide very precise charac- 
terization of their Hell signal. The relevance of the detection and characterization 
of the acoustic glitch associated with the Hell region in red giant stars is enormous: 
while global features of the spectra such as A v and v max will provide us with the 
mass and radius of the star, the Hell feature will allow potentially to derive the abun- 
dance of He in its convective envelope, allowing finally to answer questions about 
simple or multiple stellar populations to explain stellar cluster morphology, and to 
eliminate one of the main sources of degeneracy in the study of evolved stars (see 
Gratton, in this volume). 



3 Conclusions 

We have summarized here some aspects of the enormous potential of solar like os- 
cillations in red giants. These stars, intrinsically highly luminous, take up a small 
range of colors in the HR diagram for a large domain of masses, chemical compo- 
sition and evolutionary state. A simple and adiabatic analysis of its stochastically 
excited oscillations allow us to derive their fundamental parameters such as mass 
and radius (see Miglio in this volume), but also their evolutionary state, and po- 
tentially the abundance of He in their convective envelope. The agreement between 
observation and theoretical prediction is up to now remarkable, allowing to explain 
observations in the framework of standard stellar models. In a near future, when 
individual frequencies will be extracted, their study will allow us to go deeper into 
the study of stellar structure of red giants and their precursors. It is worthwhile to 
stress here that with only the global features of these spectra and a simple analysis 
we have already taken a giant step in the study of stellar evolution. 
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